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Utility of Plasma Concentration of
Trimethylamine N-Oxide in
Predicting Cardiovascular and
Renal Complications in
Individuals With Type 1 Diabetes

Diabetes Care 2019;42:1512-1520 | https.//doi.org/10.2337/dc19-0048

OBJECTIVE

Trimethylamine N-oxide (TMAO) is suggested as an independent gut microbiota—
derived risk factor for cardiovascular and renal disease. We investigated associ-
ations between plasma TMAO concentrations and cardio-renal outcomes in a
prospective study of individuals with type 1 diabetes.

RESEARCH DESIGN AND METHODS

Plasma TMAO was measured at baseline in 1,159 individuals with type 1 diabetes
(58% male, mean = SD age 46 = 13 years). End points were all-cause and
cardiovascular mortality, cardiovascular disease (CVD), and renal events tracked
from national registries. Associations between TMAO and end points were tested
using Cox regression models.

RESULTS

After 15.0 (6.7-19.3) (median [interquartile range]) years of follow-up, we recorded all-
cause and cardiovascular mortality (n = 363 and 120, respectively), combined CVD
(n = 406), coronary outcome (myocardial infarction and coronary intervention) (n =
163), stroke (n = 115), hospitalization for heart failure (n = 81), and end-stage renal
disease (n = 144). In univariate analyses, higher TMAO concentrations were
associated with all end points (P < 0.005). Except for stroke and heart failure,
all end points remained significantly associated with higher TMAO concentrations
after adjustment for conventional cardiovascular risk factors (P < 0.003). After
further adjustment for baseline estimated glomerular filtration rate (eGFR), results
became insignificant for all end points. TMAO was inversely associated with
baseline eGFR (R* = 0.29; P < 0.001).

CONCLUSIONS

In individuals with type 1 diabetes, higher concentrations of plasma TMAO were
associated with mortality, CVD events, and poor renal outcome, independent of
conventional risk factors. However, the association became insignificant after
further adjustment for baseline eGFR. This could reflect TMAO as a renal function
marker or a risk factor for micro- and macrovascular complications mediated
through impaired renal function.
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Individuals with type 1 diabetes are at
increased risk of developing micro- and/
or macrovascular complications, includ-
ing heightened mortality (1). Although
prevention and treatment of diabetic
complications have improved, cardiovas-
cular disease (CVD) and renal disease
remain prevalent and often lethal (2).
Conventional CVD risk factors and kidney
function measures are important for risk
stratification to guide treatment, and the
pursuit for new risk prediction markers is
important to enable earlier treatment for
prevention of type 1 diabetes—related
complications (1). Recently, the gut mi-
crobiota and its metabolites have gained
interest as potential markers and medi-
ators of disease, such as development of
atherosclerosis and chronic kidney dis-
ease (CKD) (3,4).

Trimethylamine N-oxide (TMAO) is a
metabolite (amine oxide) derived from a
gut microbiota—dependent pathway us-
ing nutrients abundant in a Western diet,
including phosphatidylcholine, choline,
and carnitine (5). For example, dietary
and biliary phosphatidylcholine, the ma-
jor sources of choline in the gut, are
metabolized by the gut microbiota to
produce trimethylamine (TMA) as a
waste product (5). TMA is highly perme-
able and readily enters into the portal
circulation (6), whereupon itis converted
in the liver to TMAO by enzymes of the
flavin monooxygenase family (7). TMAO
is mainly eliminated from the circulation
through the kidneys.

TMAO has been proposed as a marker
of heightened CVD risks in humans, also
facilitating enhanced atherosclerosis in
animal models (5,8,9). Moreover, studies
suggest that TMAO is mechanistically
linked to the pathogenesis of CVD,
with alterations in tissue sterol metab-
olism and vascular cell activation of
proinflammatory pathways (8,10). Circu-
lating concentrations of plasma TMAO
are higher in individuals with type 2
diabetes, and increased TMAO concen-
trations are independently associated
with risk of CVD and its adverse events,
independent of glycemic control (11).

To our knowledge, the relationship
between plasma TMAO concentrations
and the risks of adverse cardiovascular
and renal events in individuals with type
1 diabetes has not yet been reported.
Therefore, we investigated the additive
prognostic value of the gut microbiota—
dependent metabolite TMAO and incident

CVD and renal complications, as well as
mortality, in a well-characterized Danish
cohort of individuals with type 1 diabetes
(n = 1,159) with a long-term follow-up.

RESEARCH DESIGN AND METHODS

Study Population

A total of 1,159 subjects with type 1
diabetes were recruited from the out-
patient clinic at Steno Diabetes Center
Copenhagen in Denmark. Baseline exam-
ination was performed between 1993
and 2001 and 2009 and 2011. The cohort
was originally recruited with the purpose
of studying development of diabetic late
complications. In the first part (1993-
2001), the original purpose was to study
genetic risk factors related to late com-
plications, and in the second part (2009—
2011), the focus was to study associations
between blood pressure and arterial
stiffness for development of diabetic
late complications. Details of the cohort
and the original purposes have been
published previously (12,13). The study
conformed with the Declaration of Helsinki
and was approved by the ethics com-
mittees in Denmark (journal number
H-16027336). Written informed consent
was obtained from each participant at
study recruitment.

Measurement of Plasma TMAO
Concentration

Plasma samples obtained at the cohort
baseline evaluation were used for mea-
suring circulating TMAO concentrations.
Samples were collected in EDTA tubes,
centrifuged, and stored immediately af-
ter collection in freezers at —80°C until
analysis of all samples at the same time
point. Plasma concentrations of TMAO
were measured using stable isotope di-
lution liquid chromatography tandem
mass spectrometry technique by the
Lerner Research Institute and Heart
and Vascular Institute, Cleveland Clinic,
with lower and upper limits of quanti-
fication of 0.05 and >200 pmol/L,
respectively. Quality control samples
were run with each batch, and interbatch
variation (expressed as coefficient of
variation) was <10%.

Other Baseline and Laboratory
Measurements

Medical history, venous blood samples,
urine analyses, and vital sign variables
were obtained for all subjects at baseline.
The medical history, including information
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on history of CVD, was obtained through
medical records and interview by the phy-
sician using the Rose angina questionnaire.
Office blood pressure was calculated as the
average of two measurements taken after
10-min rest using a validated device and an
appropriate cuff size. Smoking status was
obtained through a standardized question-
naire. Current smoking was defined as
one or more cigarettes, cigars, or pipes
per day. Cholesterol concentrations were
determined in serum by standard methods.
HbA,. was measured by high-performance
liquid chromatography. Level of serum cre-
atinine was determined by a modified Jaffe
method until 1 September 2004 and, there-
after, by an enzymatic reaction (isotope
dilution mass spectrometry). Therefore,
the serum creatinine measurements be-
fore 1 September 2004 were transformed
from Jaffe to isotope dilution mass spec-
trometry (14). The estimated glomerular
filtration rate (eGFR) was calculated us-
ing the Chronic Kidney Disease Epidemi-
ology Collaboration equation (15). A
subset of 378 subjects with macroalbu-
minuria had >*chromium-EDTA (>'Cr-EDTA)
clearance glomerular filtration rate (GFR)
measured at baseline and annually, with
a median (interquartile range [IQR]) follow-
up of 6.8 (3—-12.9) years (16). Linear
regression analysis of the GFR determi-
nations in each individual were used to
estimate the rate of renal function de-
cline. The urinary albumin excretion rate
(UAER) was measured in 24-h urine col-
lections by an enzyme immunoassay.
Subjects were categorized as 1) normoal-
buminuric if UAER was <30 mg/day, 2)
microalbuminuric if UAER was or pre-
viously had been recorded between 30
and 299 mg/day, and 3) macroalbumi-
nuric if UAER was or previously had been
recorded at =300 mg/day in two of three
consecutive measurements. All subjects
classified as normoalbuminuric did not
have any history of micro- or macroalbu-
minuria before enroliment in the study.

Follow-up Data

We traced all individuals through the
Danish National Health Registry and the
Danish National Death Registry. Reporting
of data to these registries is mandatory
and has nationwide coverage and high
validity (17,18). Data on morbidity were
obtained from the Danish National Health
Registry, where diagnoses from all hospital
admissions and outpatient visits are re-
ported according to the ICD-10 classification
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(www.who.int/classifications/icd/en)
and procedural codes according to the
Nordic Classification of Surgical Proce-
dures (www.sst.dk). ICD-10 diagnoses
were available from January 1994 be-
cause of changes in the diagnosis clas-
sification from ICD-8 to ICD-10. All data
from the Danish National Health Registry
were available until 31 December 2016.
For deceased subjects, the date and
cause of death were obtained from
the Danish National Death Registry. In-
formation on cause of death was avail-
able until 31 December 2015. All deaths
were classified as CVD related unless an
unequivocal noncardiovascular cause
was reported, a previously recognized
approach (19). Cause of death was un-
known in 20 subjects (5.5% of all deaths).
All subjects were followed until emigra-
tion, death, or 31 December 2016, which-
ever came first.

CVD end points were defined as 1)
combined CVD comprising CVD-related
death, ischemic heart disease (includ-
ing nonfatal myocardial infarction
[ICD-10codes 120-125]), nonfatal stroke,
coronary interventions, or peripheral ar-
terial interventions (including amputa-
tions); 2) coronary event (nonfatal and
fatal myocardial infarction [ICD-10 codes
121-124]) or coronary intervention (per-
cutaneous arterial intervention or coro-
nary bypass grafting [procedural codes
KFNA-KFNG]); 3) nonfatal or fatal stroke
(ICD-10 codes 161-166); and 4) hospital-
ization as a result of heart failure (ICD-10
code 150) (see Supplementary Table 1 for
procedural codes).

Development of end-stage renal dis-
ease (ESRD) was defined as CKD stage
5 (ICD-10 code N18.5), initiation of per-
manent dialysis, renal transplantation
(see Supplementary Table 1 for proce-
dural codes), eGFR <15 mL/min/1.73 m?,
or death as a result of chronic renal failure.
Information regarding cause of ESRD was
not available. Measurement of plasma
creatinine during follow-up was obtained
from the local electronic laboratory sys-
tem for calculation of eGFR with the
Chronic Kidney Disease Epidemiology
Collaboration equation. Subjects who
experienced multiple events were fol-
lowed in the analyses until occurrence of
the first event within each end point.

Statistical Methods
All normally distributed variables are pre-
sented as mean £ SD and nonnormally

distributed variables as median (IQR).
Categorical variables are presented as
total numbers with corresponding per-
centages. TMAO and UAER were not
normally distributed and are summarized
as medians with IQR and log, transformed
in all analyses. Baseline characteristics
in quartiles of plasma concentrations of
TMAO and in groups divided according to
albuminuria level were compared using
ANOVA for continuous variables and x>
test for categorical variables.

Cox proportional hazards analyses
were applied to compute hazard ratios
(HRs) with 95% Cls per doubling of TMAQO
for all specified end points. First, we
applied unadjusted models (model 1)
to determine whether any association
existed between TMAO and the prede-
fined end points. The subsequent ad-
justment included age, sex, diabetes
duration, HbA;, systolic blood pressure,
total cholesterol, smoking status, and
UAER (model 2). To assess whether
plasma concentration of TMAO was a
predictor independent of renal function,
adjustment for baseline eGFR was in-
cludedinthefinal model (model 3). These
analyses were applied in the total pop-
ulation and stratified in subjects with
normo-and macroalbuminuria. Cox model
assumption for proportional hazards was
tested using Schoenfeld residuals plots
and was fulfilled for all end points. More-
over, we tested the assumption of linearity
of the logarithm of TMAO for the out-
comes by plotting parameter estimates of
quintiles versus means of each quintile and
by demonstrating that parameter esti-
mates of quintiles did not differ signifi-
cantly from 0 in a model containing the
continuous variable. For all end points, the
assumption was fulfilled.

For consideration of power, a post hoc
simulation—based power calculation was
performed. The empirical distribution of
the baseline dates was taken into ac-
count. For all-cause mortality, the test of
no linear effect has a power of at least
80% for values of the true hazard rate
outside the interval (0.86-1.15), and for
combined CVD, the test of no linear effect
has a power of at least 80% for values of
the true hazard rate outside the interval
(0.85-1.14).

To examine the potential added pre-
dictive ability of TMAO over traditional
risk factors, we calculated the relative
integrated discrimination index (rIDI).
This measure is suggested as a powerful
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method to demonstrate improved diag-
nostic performance of a biomarker (20).

Moreover, we applied Kaplan-Meier
survival function estimates and the log-
rank test to compare the incident rates in
quartiles of plasma concentrations of
TMAQO. Yearly change in eGFR (slopes)
was calculated among 1,013 subjects on
the basis of all the available measure-
ments from outpatient visits during follow-
up, with at least two measurements
and a minimum follow-up duration
of 3 years.

For database management and statis-
tical analysis, we used SAS 9.4 software
(SAS Institute, Cary, NC), and for esti-
mating eGFR slopes, we used general
linear modelingin R (www.r-project.org).
Statistical significance was set at a two-
sided a-level of 0.05.

RESULTS

Baseline Characteristics

The population included 1,159 individu-
als (58% men) with mean *= SD age of
46 * 13 years. Diabetes duration was
27 = 12 years at baseline, and 128
(11.3%) had a history of CVD. The eGFR
averaged 88.8 + 26.1 mL/min/1.73 m?,
and median (IQR) UAER was 23 (8-360)
mg/day. The median plasma TMAO con-
centration was 5.7 (3.8-9.9) pmol/L. A
total of 511 subjects (44%) were cate-
gorized as normoalbuminuric, 164 (14%)
as microalbuminuric, and 484 (42%) as
macroalbuminuric.

Table 1 shows the baseline character-
istics by quartiles of TMAO. Across the
quartiles, all characteristics were signif-
icantly different (P = 0.036 for trend),
except for the frequency of smokers (P =
0.27). Subjects with higher concentra-
tions of plasma TMAO were older and
had a lower eGFR and higher UAER than
subjects with lower TMAO (Table 1). As
shown in Supplementary Table 2, the
baseline characteristics also differed sig-
nificantly (P = 0.005 for trend) among
groups of albuminuria (normo-, micro-,
and macroalbuminuria), except for age
and BMI (P = 0.11). Figure 1 illustrates
the negative correlation between TMAO
and eGFR (R® = 0.29; P < 0.0001).

Incidence of Events

In the overall study population, the me-
dian (IQR) follow-up was 15.0 (6.7-19.3)
years for mortality and 8.7 (5.1-16.3)
years for the combined CVD end point.
No subjects were lost to follow-up. A total
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Table 1—Clinical characteristics in the 1,159 individuals with type 1 diabetes overall and divided according to quartiles of plasma

TMAO concentrations

TMAO concentration

Quartile 1 Quartile 2 Quartile 3 Quartile 4
Overall (=3.81 pmol/L) (>3.81to =5.72 pmol/L) (>5.72to =9.88 wmol/L) (>9.88 pmol/L) P value

Subjects, n 1,159 291 289 290 289
Female 491 (42.4) 143 (49.1) 123 (42.6) 109 (37.6) 116 (40.6) 0.036
Age (years) 46.4 £13.0 422 = 121 46.7 £ 13.1 47.8 £ 13.4 49.1 = 123 <0.001
History of CVD 128 (11.3) 24 (8.3) 27 (9.5) 29 (10.4) 48 (17.1) 0.004
Diabetes duration (years) 27.2 123 25.0 £ 11.6 28.1 * 13.1 275 * 121 28.4 £ 12.2 0.003
eGFR (mL/min/1.73 m?) 89 * 26.1 102 *£17.0 95 +19.6 89 *= 21.5 69 = 31.3 <0.001
UAER (mg/day) 23 (8-360) 13 (7-70) 20 (8-316) 25 (6-285) 133 (11-761) <0.001
Systolic blood pressure (mmHg) 137 * 20 131 + 18 135 £ 19 138 £ 19 143 + 23 <0.001
Diastolic blood pressure

(mmHg) 78 = 11 76 = 10 77 = 10 78 = 11 81 + 12 <0.001
HbA;. (mmol/mol) 71 = 15.1 70 = 13.6 70 = 14.6 72 = 147 74 = 16.9 <0.001
HbA. (%) 87 + 1.4 85 + 1.2 86+ 13 87+ 13 89 + 15 <0.001
Total cholesterol (mmol/L) 5.1 £ 1.10 49 *= 0.99 5.1 = 0.93 5.1 £ 1.22 53 * 1.18 <0.001
BMI (kg/mz) 24.6 = 3.5 242 = 3.2 247 * 3.4 24.7 = 33 24.8 = 3.9 0.036
Smokers 418 (37.2) 111 (38.8) 112 (39.6) 106 (37.9) 89 (32.3) 0.27

Data are n (%), mean = SD, or median (IQR) unless otherwise indicated. P values are for trend across quartiles.

of 363 subjects died (23.5 per 1,000
person-years), and 406 experienced a fatal
or nonfatal CVD event (32.5 per 1,000
person-years). Mortality included 120 CVD
deaths. Considering cause-specific first
CVD events and the incidence of fatal
and nonfatal coronary events in 163 sub-
jects (11.7 per 1,000 person-years), stroke
occurred in 115 (8.1 per 1,000 person-
years) and heart failure in 81 (5.6 per 1,000
person-years) (Table 2). The median (IQR)
follow-up for ESRD was 12.7 (5.6-17.3)
years, and 144 subjects (10.7 per 1,000
person-years) reached ESRD (Table 2).

8.01 °
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4.0

log, TMAO

2.04

0.0+

-2.04

TMAO and Associated Risk

The stepwise adjusted HRs with 95% Cls
associated with a doubling of plasma
TMAO concentration for all-cause mor-
tality, cardiovascular mortality, fatal
combined with nonfatal CVD events,
and ESRD are shown in Table 2.

Mortality

In unadjusted models and after adjust-
ment for age, sex, diabetes duration,
HbA,, systolic blood pressure, total plasma
cholesterol, smoking status, and UAER,
higher plasma TMAO was associated with

Figure 1—Linear regression of log,-transformed plasma TMAO concentration versus eGFR (mL/

150
eGFR

min/1.73 mz). TMAO was negatively associated with eGFR (R2 =0.29; P < 0.001). Dots, individual

measurements; line, regression line.

a higher risk of all-cause and cardiovas-
cular mortality (Table 2). After additional
adjustment for eGFR, significance was
lost (HR 1.00 [95% C1 0.90-1.12] and 1.00
[0.83-1.20], respectively). Analyses re-
stricted to the 484 subjects classified with
macroalbuminuria showed similar re-
sults (data not shown). TMAO was
not a predictor of mortality in the sub-
group of 151 subjects classified with
normoalbuminuria (P = 0.36 in unad-
justed and adjusted models). The Kaplan-
Meier survival function estimates for
all-cause mortality in quartiles of TMAO
are illustrated in Fig. 2A (P < 0.001 by
log-rank statistics).

Fatal and Nonfatal CVD Events

In the unadjusted model, higher plasma
TMAO concentration was a predictor of
the combined CVD end point as well as
coronary events, fatal and nonfatal stroke,
and heart failure. With adjustments ap-
plied as above, higher TMAO remained
a predictor of the combined CVD end
point (HR 1.17 [95% ClI 1.07-1.27];
P < 0.001) and coronary events (1.21
[1.07-1.37]; P = 0.003) in model 2, but
significance was lost after further adjust-
ment for eGFR (Table 2). Analyses re-
stricted to the subjects classified with
macroalbuminuria showed similar results.
TMAO was not a predictor of CVD events
in the subjects classified with normoal-
buminuria. The Kaplan-Meier survival
function estimates for the combined
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Figure 2—Association of plasma TMAO con-
centrations and all-cause mortality (A), the
combined cardiovascular end point (B), and
ESRD (C). For all outcomes, individuals with
concentrations of TMAO in the lowest quar-
tile (first) had the lowest risk, and individuals
with measurements of TMAO in the highest
quartile (fourth) had the highest risk (log-
rank P < 0.001 for all). Dotted line, first
quartile; short-dash line, second quartile;
long-dash line, third quartile; solid line,
fourth quartile.

CVD end point in quartiles of TMAO are
illustrated in Fig. 2B (P < 0.001 by log-
rank statistics).

Renal Events

In the unadjusted model, higher TMAO
was a predictor of ESRD (HR 1.86 [95% ClI
1.68-2.06]) (Table 2). After adjustment
(model 2), plasma TMAO remained a
predictor of ESRD (1.67 [1.47-1.96]),
but after further adjustment for eGFR
(model 3), the association was lost both
in the total population and in analyses
restricted to the subjects classified with

macroalbuminuria. Only one event of
ESRD occurred in the subjects classified
with normoalbuminuria; analyses were
therefore not performed.

rIDI

Addition of TMAO to model 2 (including
age, sex, diabetes duration, HbA,, sys-
tolic blood pressure, total cholesterol,
smoking status, and UAER) increased the
rIDI, with 4.0% (P < 0.001) for all-cause
mortality, 5.6% (P < 0.001) for the
combined CVD end point, and 6.5% (P =
0.012) for ESRD.

Progression of Nephropathy

In the subgroup with >'Cr-EDTA GFR
measured at baseline and a decline in
renal function estimated by annual
change in >'Cr-EDTA GFR, the GFR at
baseline was negatively correlated with
plasma TMAO (R* = 0.33; P < 0.001).
Moreover, the annual change in GFR was
negatively correlated with TMAO in un-
adjusted analyses (P = 0.002) and after
adjustment for age, sex, diabetes dura-
tion, HbA;, systolic blood pressure, total
plasma cholesterol, smoking status, and
UAER (P = 0.017); however, significance
was lost after further adjustment for
baseline GFR (P = 0.59).

Annual change on the basis of eGFR
(n =1,013) was not correlated with TMAO
in unadjusted analyses (P = 0.59). After
adjustment for age, sex, diabetes dura-
tion, HbA, systolic blood pressure, total
plasma cholesterol, smoking status, and
UAER, there was a negative correlation
(P = 0.028); however, significance was
lost after further adjustment for baseline
eGFR (P = 0.068).

Subjects with an accelerated declinein
eGFR (=3 mL/min/year) (n=192) did not
have significantly different TMAO (P =
0.12) compared with slow decliners
(<3 mL/min/year) (n = 821). This differ-
ence remained insignificant after adjust-
ment for age, sex, diabetes duration,
HbA,., systolic blood pressure, total
plasma cholesterol, smoking status, and
UAER (P = 0.17) and after further adjust-
ment for eGFR at baseline (P = 0.18).

Sensitivity Analyses

In sensitivity analyses, we included sub-
jects classified with microalbuminuria in
the stratified analyses of those classified
with normoalbuminuria, where our re-
sults remained consistent. Results were
overall similar in analyses excluding

UAER from the adjustment (data not
shown). Moreover, we performed sen-
sitivity analyses to assess the possible
influence of the assumption that all
deaths were classified as CVD related
unless an unequivocal noncardiovascular
cause was reported. In these analyses of
cardiovascular mortality and the com-
bined CVD end point, excluding the
20 deaths of unknown cause, all results
were consistent.

CONCLUSIONS

In this study of individuals with type 1
diabetes, higher plasma concentrations
of TMAO were predictive of mortality and
CVD and renal outcomes. After adjust-
ment for classical CVD risk factors as well
as UAER, TMAO remained a significant
predictor of incident event risks. More-
over, TMAO was able to improve risk
discrimination for all-cause mortality,
combined CVD events, and ESRD, as
evaluated with rIDI statistics. However,
after inclusion of eGFR, TMAO was no
longer an independent risk marker. To
our knowledge, the association between
TMAO and cardio-renal outcomes in
type 1 diabetes has not been reported
previously.

Several recently published studies
have demonstrated an association be-
tween higher plasma TMAO concentra-
tions and risk of CVD and mortality. These
studies included populations with a high
risk of CVD (5,8,21), such as individuals
with established coronary artery disease
(22-24), heart failure (25), advanced left-
ventricular diastolic dysfunction (25),
type 2 diabetes (11), and CKD (26-28).
In some of these studies, the association
persisted even after adjustment for
eGFR/GFR (5,21,26-28). Furthermore, a
meta-analysis examining the prognostic
value of TMAO in subjects either with or
without CKD concluded that TMAO pro-
vides independent clinical prognostic
value for incident CVD and all-cause mor-
tality risks (29). This is in contrast with the
present study in which all associations
between TMAO and end points became
insignificant after further adjustments for
eGFR. Factors explaining these conflicting
findings with the present study may in-
clude fundamental clinical differences in
the cohorts. Our cohort solely comprised
individuals with type 1 diabetes compared
with individuals with no reported type 1
diabetes in other TMAO-related studies.
Individuals in our cohort had a much lower
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mean age of 46 years versus a mean age in
the 60s in other cohorts (8,21-23), a high
median (IQR) TMAO level of 5.7 (3.8—
9.9) wmol/L versus 3.7 (2.4-6.2) and 4.3
(2.6-8.0) wmol/L (23,24), and a lower
incidence rate for CVD of 32.5 versus
43 (estimated) per 1,000 person-years
(21). Another notable difference between
our study and other reported studies is the
follow-up duration, which is longer for
our cohort, at a median 15.0 (IQR 6.7-
19.3) years vs. 3—7 years (8,24), and, in
particular, different levels of renal func-
tion but with predominately preserved re-
nal function (eGFR >60 mL/min/1.73 m?),
ranging in other studies from mean * SD
40 * 14 (28) to median (IQR) 99 (74—
125) mL/min/1.73 m? (22).

In contrast to these observational
studies and meta-analysis demonstrating
association of TMAO with CVD, some
other smaller studies have suggested
that these associations could be ex-
plained by confounding factors, including
eGFR(30,31). One study in individuals
undergoing coronary revascularization
concluded that the risk prediction pro-
vided by TMAO was confounded by renal
function because TMAO concentrations
were not associated with incident CVD,
and TMAO concentrations were higher
with lower eGFR (32). Another study
showed that TMAO was not associated
with mortality in subjects with normal
renal function (33). A recent 10-year
follow-up study in a younger (aged
33-45 years) cohort was unable to
demonstrate an association between
TMAO and progression of atheroscle-
rosis (34). These results, in relatively
healthier subjects, may not have been
confounded by other risk factors, such
as decline in renal function and age-
related increase in TMAO, compared
with other studies. Thus, it has been
speculated that TMAO is a biomarker
associated with CVD but not the cause of
CVD (35), even though it has been the
result from smaller studies.

Other evidence suggests direct mech-
anistic links between circulating TMAO
and cardio-renal disease pathogenesis.
Mice fed a high-choline diet or a diet
supplemented with TMAO showed in-
creased TMAO with promotion of ath-
erosclerosis and thrombotic vascular
disease (5,8) as well as corresponding
increases in tubulointerstitial fibrosis and
collagen deposition in the kidneys, in-
cluding elevated cystatin C and kidney

injury molecule-1 (26,36). One study
observed abnormally high TMAO levels
reduced to normal levels after renal
transplantation in humans and that
TMAQO levels correlated with increased
systemic inflammation, serving as an
independent predictor of mortality in
CKD stages 3-5 (28). Thereby, elevated
blood TMAO concentrations contribute
to CKD through gut-related factors and
processes, such as atherosclerosis and
vascular inflammation, contributing to
the pathogenesis of cardio-renal disease.
Other evidence suggests that transplan-
tation of microbe production of TMAO
from donor mice to a host alters the CVD
and thrombosis risk (37). Interestingly,
direct inhibition of the TMAO pathway in
animal models with the small-molecule
mimetic of choline 3,3-dimethyl-1-butanol
(DMB) has been linked to reduction in
fibrosis and reduction in functional renal
decline, indicating that TMAO has a direct
mechanistic link (38). DMB inhibits mi-
crobial production of TMA (TMA lyase
antagonist), and data have shown re-
duction in TMA and TMAO by DMB in
mice, protecting mice against enhanced
atherosclerosis development (39). In this
perspective, adjusting the TMAO cardio-
renal event associations for eGFR may be
an overadjustment since the effect
of increased concentrations of TMAO
on the outcome may be mediated through
impaired renal function. The association
between TMAO and the linear decline in
measured °'Cr-EDTA GFR indicates
TMAQO as a risk factor for renal decline.

The primary source of TMAQ is unclear
but believed to be derived from both
dietary and biliary choline (in the form of
both lecithin and choline). Some fish can
also have a high concentration of TMAO
(if fresh) or TMA (if not fresh) generated
by surface bacteria, which is then con-
verted to TMAQO. Eating a large amount of
fish (depending on the type and fresh-
ness) could thus contribute to an eleva-
tion in TMAO levels in the postprandial
state, and if accompanied with impaired
renal clearance, would be expected to
promote cardiovascular risk. In general,
consumption of fish is related to a car-
dioprotective lifestyle, although the re-
lationship among TMAO, n-3 fatty acid
content, or other comorbidities that
coassociate with fish consumption has
never been unequivocally explored. An-
other potential dietary source of TMAO is
through ingestion of L-carnitine, which is
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abundant in red meat. Because carnitine
feeding has been shown to both elevate
TMAO and increase atherosclerosis (8),
the TMAO-related risk may be related to
diet. However, a German study in healthy
adults from the general population did
not indicate an effect of general diet on
TMAO, but a positive association with
dairy food consumption and TMAO as
well as TMAO levels and inflammation
was found, suggesting a diet purely
based on dairy or animal products (red
meat) may modulate specific host-
microbe interactions and TMAO produc-
tion (40). A recent review suggests that
reduction in red meat consumption (re-
flected by low TMAQO levels) in patients
with CKD may reduce cardiovascular
events, further reducing the risk of kidney
disease progression (41). Thus, identifica-
tion of potential biomarkers or surrogate
markers of cardiovascular disease may
improve risk stratification with better
treatment strategies for type 1 diabetes.

Strengths and Limitations

One of the major strengths of our study
is the large and well-characterized cohort
of individuals with type 1 diabetes, al-
though the generalizability of the results
to other subjects is unclear. Another
strength of the current study is the
quality of Danish registries (17), with
no subjects lost to follow-up.

This study also has limitations. The first
patient was included in August 1993, and
the ICD classification changed from ICD-8
to ICD-10in January 1994. We only have
information on ICD-10 codes available.
Thus, there are a few months where we
do not have information on hospitaliza-
tion; we consider this of minor influence.
As another potential limitation, TMAO
was measured using stored plasma sam-
ples, some of which were stored for many
years; however, TMAO has been shown to
be stable both during storage at —80°C for
years and during multiple freeze-thaw
cycles, and quantification of TMAO is
considered reliable in biobank samples
stored for a long time (42). Furthermore,
all samples were handled and stored
at —80°C under uniform conditions. An-
other limitation is that samples were
examined at one time point compared
with the varied duration of follow-up
in the subjects. TMAO was also only
measured at one time in each individual,
and TMAO levels have been noted to
show relatively high intraindividual
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variability, which is probably the result
of day-to-day changes in diet (43). How-
ever, ithasbeenshownthattheintraday
coefficient of variance is low in TMAO
levels above the median level (i.e., in-
creased variation is observed where
TMADO levels are low) (44).

In conclusion, higher concentrations of
plasma TMAO were associated with
higher risk of mortality, CVD events,
and renal failure, independent of tradi-
tional risk factors in a large Danish (Euro-
pean) cohort comprising individuals with
type 1 diabetes. However, the association
became insignificant upon adjustment for
baseline eGFR. This could reflect TMAO
as a renal function marker or a risk factor
for micro- and macrovascular complica-
tions mediated through impaired renal
function.
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